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DIS Introduction
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DIS Introduction I 4

O Fixed-target experiment: Endstation A at Stanford Linear Accelerator Center (SLAC)

P
=)o =o .
Fixed-Target i‘\\‘\ ° - @\ detector
Experiments __ gw. particle target
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DIS Introduction |

O Collider experiment: Electron-Proton collisions at HERA (DESY, Hamburg, Germany)
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particle 9 - @‘ detector
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Experiments .

particle

Circumference: 6.3km

EIC Collaboration Meeting at SUNY Stony Brook
Stony Brook, NY, January 10, 2010 Bernd Surrow



DIS Introduction

O DIS major event classes
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DIS Introduction

O Diffractive events
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DIS Process Description

O Dirac Cross-Section (Electron-Mass M (Spin 1/2) Particle scattering)

O Recoil: E' is kinematically determined by E and 6

E’ L / Electron
p— ‘ - E
1+ (2E/Mc?) sin*(0/2
+ (2E /M c?) sin“(6/2) pgx y
M—0c E =F
O Scattering process: 2 — 2 g
b1 D2
/ 2 L
d hE
<£> - (STTAi[(’E) <’M|2> Dil"GC-pr‘TiClei Mass M / Spm 1/2

O Dirac Cross-Section:

do a?h?c? E' , [0 P .0
-~ | = COS — | — S111 —
dQ) 4E?sin*(0/2) \ E / 2 2M2c2\ 2

Impact of electron-spin ~ Impact of target-spin
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DIS Process Description

O Mott Cross-Section (Electron-Heavy Mass M (Spin 1/2) Particle scattering)

O Mott condition: Electron scatters off a much heavier spin 1/2 particle of mass

M > m

P3
ﬁ |]71|:|Z533|:|Z31 *’1.53:]3’20059
____—>.. __________
P1
E D — / 0 — E — _ y/ =g
p1 = (;,m) P2 = (M&, 0) p3 = <;,p3> P4 = (A'[Ca 0)
O Calculate four-vector combinations: -
g
i 9 \ _/\/l 2 — € X
Q== pe)” = 4pin’ M = o= oy
2 9 o . o0
(p1 - p3) =m7c” + 2p”sin” 5 - [(p1-p2)(P3 - pa) + (P1-Pa) (P2 P3) —
(p1 - P2)(P3 - pa) = (P1 - Pa)(p2 - p3) = (ME)? (p1-p3)(Mc)? — (pa - pa)(me)? +
(A2
(P2 - pa) = (M) ) 2(mMc?)?]
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DIS Process Description |

O Summary

O Re-write Dirac cross-section using the Mott cross-section

do a2h?c? E’ 5 [0 q> .5 (0
— | = cos” | — | — ——sin”® | —
df? A2 31114(0/2) E 2 QM 2c? 2

with: ¢?> = —4(E/c)(E'/c)sin*(6/2)

do do E ¢ L (0

dQ) ~\ 70 — ] 91— —55tan” | =

s Dirac df M ott E 2M?2c? 2

d()’ d()’ 9 E/ q2 , 9

10 =\ 70 s“(0/2) | — 1 — tan? [ =
<dﬂ> Dirac <dQ ) Ruther ford o ( / ) < L > { 2M?c? an < 2)

O This is the result we would obtain if the proton would be a Dirac particle: M=m,

Note:

O Modifications to Rutherford cross-section: Relativistic effects (SPIN effects: Probe and Target
(Negligible for very heavy target)
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DIS Process Description |

O Elastic ep scattering (1)

O Recall: (4ma)? Leptonic tensor
T
(M%) = .

L/HW . L v.Dirac particle M
electron ™~ KV, P P3 P4

Feynman graph: q
P1 D2

Note: The proton cannot be just a Dirac particle (g=2)!
Dirac-particle tensor

Therefore: ep scattering

Leptonic tensor

D D We do not know exactly how this tensor
3 4/ looks like, but: \
2
5 (4mx)
q <|M| > - 4 Lgll(/zctronKll‘VsPI'Oton
b1 D2 q

Hadronic tensor
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DIS Process Description

O Elastic ep scattering (2)

O High-energy limit:

(M) = (4131&2512)(29/2)) o (3) o ()

E
= — Dirac particle result:
+ (2E /M c?) sin“(0/2)
With: a’h’e? sin?
do R 2 T 4E%sin’ 0/2 2]\[2(’2
(E) - (87r]\ffCE> e //
We find: For: QAIP

\

(%) N <4]\JE§§2(0/2))2 g (K2 (<(g>/+2Kl o (g»

Rosenbluth formula
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DIS Process Description |

O Elastic ep scattering (3) K, G%L+1G% e

= 5 = 27G3 = —¢*/4M?
4M? 1+ e = 2 T=-da/

O Summary Rosenbluth formula

do o2 E’ 5 (0 GQE + TG%\I 6
— | = s | — ’ 27G2, tan? | =
(dQ) 4Ezsin4(9/2) 5 CcoS <2> ( - + 217G, tan (2>>

N\ _J
Y
Rutherford cross sec’rion\ Recoil term!

— -
~"

do do G% + 7G3, 6
i — | =(-—= 27G%, tan? [ -
Mott cross section <dQ> (dQ) " < T + 27G5; tan (2 ) >

Note: For heavy target: Contribution from G?,, term negligible:

T = —q2/4M2 — 0

For G2, = 1 and G% = 1 this reduces to the well-known Dirac particle case::

do o2 E (6 e

— | = — cos” | = 1+ 27 tan” | <

ds? 4E?sin*(0/2) E 2 2
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O Elastic ep scattering (4)

DIS Process Description

O Scattering of electron (Spin 1/2) on point-
charge charge (Spin 0): Mott cross-section

do > i ( do > 5
— = [ — - cos”(0/2)
( ds2 Mott ds2 Ruther ford

O Take into account finite charge distribution:
Form factor

(%) =(G),lrr

Mott

do _(do\ B
ds2 Mott_ ds?

M ott E

Ignore recoill
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DIS Process Description

0O Elastic ep scattering (B)
O Scattering of electron (Spin 1/2) on proton (Spin 1/2)

()., (
()., (

do
ds2

)

do > 0

— 1 + 27 tan“(6/2)
df2 Mott { }
do
<2
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DIS Process Description

O Tnelastic ep scattering (1)

O Simplify this: Massless electron (m=0) of energy E strikes a stationary proton of mass M:

\/(pl : pg) — (77l1771202)2 — MEFE
P3| = E'/c

dSﬁ:% — |I73\2d’ﬁ3|d9

E' = E; do _\ _(oh (E LMW
dE"d) cq? E -

/N

Leptonic tensor Hadronic tensor

O Note:
O E'is no longer kinematically determined by E and 6

O The total hadronic momentum can vary and is no longer‘ consTr'ained, ie.:
2 ) f2 2
Ptot 7& 1-C
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DIS Process Description

O Tnelastic ep-scattering (2)

o

o

Goal: Measure differential cross section in a particular energy range dt’

Leptonic tensor: L% = 2{p'p} + piph + g"[(me)? — (p1 - p3)]}

electron —
. W Wy W
Ansatz for hadronic tensor: W, proton = —Wig,uw + (e )2p,,p,, + unq,, (e ) 5 PGy + Podu)

With ¢, " =0

Mec)? q\? .
We 961': Wy = ( qg) Wy + (%) Wo W5 = —uWQ

u W . .
Thel"efor‘e: W,uu, proton — Wl (_guz/ q,LLq + & [ + (qq—zp> qu] [ v+ <qq—2p> QI/]

(Mc)?
Contraction with leptonic tensor yields: 2o (ah)? 0 P
) — — <W2 cos? (—) + 2W, sin? <—>>

dE’d 4E? sin”(6/2) 2 2
Note:
e W, and W, are functions of ¢% and q-p Q> = —¢? Negative four-momentum

: transfer squared!
Q2
e Ggand G, are functions of g2 only! = } Bjorken scaling variable
E M q- only: 2q P
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DIS Process Description

O Tnelastic ep scattering (3) S;:qﬁfsrirg on Esolinf-like
objects: Quarks!
O Scattering of electron (Spin 1/2) on proton (Spin 1/2) 10° ; — T , - :
—_ \ o W= 2 GeV/c2
ek,) S| 2 \ ao--—-|W= 3 GeV/c?
-~ wla L A eeseensass W=3.5 GeV/c?
- o B o
€ (ku: 0, _ -'“6 B 10 L -
o | O
—U et

Here: Deep-inelastic

scattering (DIS)

-2 | ' .

X (g, L NN &

P(pu) s
oy _(doy E ) (0 -

(dQ>_ (dQ)Mott E {Hzﬂan (2)} 102 .
o B -

d? d 9 - M &
g —= _0 2 2 2 v . x ]

()-8, frenemeaw @ [ N

10 :
0 1 2 3 4 5 6 7

2 [(GeV/c)?]
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DIS Process Description

O Summary
do do E’ 0 )
— =15 — {1+ 27tan® | = — —¢2/4M? i
(dQ) (dQ>Mott i { + 27 tan <2>} T=—¢%/ < Dirac |
\ cross-section
/ 2 2 \ )
(d_0> _ (d_(7> E {GE + 717Gy n QTG%I tan> <Q> } . Elastic ep
d$2 dQ ) viouw £ L+7 2 cross-section
\/ j T = —q*/4M? -
d*c do ) 6 Inelastic ep
= | —= ) + 2 ?,x)tan® | -
<dE’dQ> (dQ) Mott {W2(Q @)+ 2W(Q7, ) tan (2)} " cross-section

d d d 402 E"*
I I
ds2 Mott ds2 Ruther ford df2 Ruther ford q

EIC Collaboration Meeting at SUNY Stony Brook
Stony Brook, NY, January 10, 2010 Bernd Surrow



20

DIS Kinematics

O General considerations e,v, (K,

e(k) + P(p) = U(k ) + X (p) (k)

O Four vectors: k, p, k', p'

Y, 2, W (q,)

O Neutral current exchange (NC): ~*, Z°

O Charged current exchange (CC): W+

X P®,”

. P
O Measurement of structure functions: (p,)

O NC: Scattered electron and/or hadronic final state

Determine kinematics!
O CC: Hadronic final state (neutrino escapes detection)

EIC Collaboration Meeting at SUNY Stony Brook
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DIS Kinematics

O Kinematic variables (1)

S = (k —1—]?)2 4F Ep
O  Mandelstam variables: 4 B ( />
O s,tu - p/ p
O Centre-of-mass energy: vs u = (k p)
o Q" = —(k-k) = -(p-p) = ~t = —¢

O Negative square of the momentum transfer q

O Determines wavelength of photon and therefore the size A which can be resolved
o szax = S

_ Q> o __t
L= ) T T uts Osz=1l

O x

O Bjorken scaling variable: Fraction of the proton momentum carried by the struck parton (Quark-Parton model)!

O W2 ~" _refers to the case where

masses are ignored!
O Invariant mass squared of the hadronic final state system

O Small x refers to large W?
W2 = (p+q? = @)2 =m2+L(1—2) ~ s+t+u

EIC Collaboration Meeting at SUNY Stony Brook
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DIS Kinematics

O Kinematic variables (2)

(o]

(o)

o

p-q

1% —
v .
My

O Energy of the exchanged boson in the proton rest frame

p-q  my(E.—E,)

% = (E. - E))
m, my, '

Y
O Fraction of the incoming electron carried by the exchanged gauge boson also known as inelasticity in the proton rest

— P9 ~, uts
1-
O Momentum transfer at the hadronic vertex

/
_ 2
t = (p-p)

Note the above variables are connected by: QZ ~ STy

For fixed x and y, ep collider allows to reach much large values in Q2

For fixed y and Q2, ep collider allows to reach much smaller values in x

EIC Collaboration Meeting at SUNY Stony Brook

Stony Brook, NY, January 10, 2010
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DIS Kinematics

E. Ep
0 0

K o |7 o

—ke Ep Electron Method

Kk >
/ -E'/e / Zh Eh -----

Y E(; sin@ti3 COS(b/e p/ _ > L PX oA

E, 81,1”1 0. si,n ?, Zh Py,h P

E, cosf, > nPz.h
E-pz
Jacquet-Blondel Method
2 ! 2 0! pT

Q2 E, cos®
Le - — 7 /

5Ye  E,(1— gﬁ sin? 9—26)

E, : E, . ,0.
Ye = 1-— 256(1—C089€) =1- isirﬁf
9 ’ ’ / 2 9/6 p% e
Q: = 2E.E.(14cosf,)=4E.F, cos 5 = 1—
— /ye

EIC Collaboration Meeting at SUNY Stony Brook
Stony Brook, NY, January 10, 2010 Bernd Surrow



24

DIS Kinematics

O Collider kinematics (2) E.
E. ¥ 2 E—p.)2
O Electron method: scattered electron S r_ Prh + (B —p2)y,
2(E —p,),
—————————— < 2 2
4 « T,h (B _Pz)h
b coty = 5 5
, ¢ P+ (B —p2)y
2 E! cos? (—e) v
me — Qe - E/ Z 9/
w5, (1~ e (9) F

Eé / Eé .92 92
ve=1-gp, (17cosbe)=1=F sin (5) oy s
SYJB 2 2
2, = (zpm,h> + (zpy,h)
0! p3 _ (E=ps), " &
Qg = 2EeEé (1 + cos 0;) = 4E6Eé COS2 (5‘3) — ﬁ YiB = 2Ee
9 (E _pz)h = Z (Eh _pz,h)
2 _ _Prpa h
B 1 —ysp
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DIS Kinematics
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O Collider kinematics (3)

Lines of constant
electron energy

€. $

(

<

Lines of constant
hadron energy (F)
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0’ 10
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DIS Kinematics

O Collider kinematics (4)
02 104

E barrel A o ngh—x—hlgh Q21
¥ e . x
10 3L forward rear N . Electron
o} -X- 2, : S \I . .
Low-x-low Q C : predominantly in
Electron and - E o R T >
f et (1 10%E barrel/forward

current jet (low g S PR P

S S n
energy) ( I y : e e irection (Hig

redominantly in 10 F E, ' ' ./ energy) and current

P Y - . gy

B . > : -, r——
rear direction i L.

- Ao e e jetin forward

1 ‘ :

2 direction (High
O High-x-low Q?: - e T e e
Electron in rear and 10k P LA energy)
current jet (High I R S TR 20 )

- forward Lo Q% =361GeV? z =0.45
ener. In orwar - 1 IIIIIIII-". 11 IIlIIII'...I 1 IIIIIll'...I Ll L1 1Ll 1 L1l
9v) \ 10 = 5 -4 3 I 2 | -1 E’ =18GeV F = 104GeV
direction 10 10 10 10 10 10 1 e
z 9, =90° 9, =10°
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DIS Kinematics

O Collider kinematics (5) E
: E. 19
O Electron method: scattered electron — PR (E-p)}
4’ B 2 E_pz
ore) _ (1) 0E ® | =2 _1|tan Oc A | ( n
te ) \y.) E! E./E, 2)7e . «
< o pg’,h —(E _pZ)i
< coty = 5 5
0y OE! 1 0’ E, prp+ (B — Do)y
( = -1 ® | — —1|cot | =2 ) &6,
Ye Ye) Ei Ye 2
F

/
5;1 ® tan (9 ) 66,

Q2
()

EIC Collaboration Meeting at SUNY Stony Brook
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O Jacquet-Blondel method: hadronic final state
<5$JB
rJjB
<5yJB
YJB

(- (222
Q%5 1-yB) F

1 OF 2y;p— 1 v
= 2 cot oL R—— 7
)= (=) @ oo (1255 = G2

) 5FF®cot (g) oy

oF YJB

~y
9 _JI5 i
® [ coty + (1—yJB)COt<2)] 0y

Bernd Surrow




DIS Structure Function Measurements |

O Relativistic Invariant Cross-Section

°o - (% 2(6/2
O Interms of laboratory variables: i), =\ 70 Rm}wford-cos (0/2)

d?o do ‘ ‘ 5 [0 do 402 E"*
— (= W (Q?, z) + 2W1(Q?, z) tan? | — — -
< dE'dS) > < df > M ott { ’ (Q | T) " l (Q | T) - (2 > } (dQ > Ruther ford q4

. . e e . . / / , 2
O Formulate this now in relativistic invariant quantities: 9@7 Ee — Ye, Qe

0 Instead of W;and W,, use: F; and F:

Fl — mpwl F2 — VWQ Longitudinal structure

/func’rion: F.
2 2 2
( d ? ) — 27(0{ Y+ (F —y—FL) FL:FQ—Q.Q}Fl

dydQ? yQ? Yy

Y, =1+(1-y)

EIC Collaboration Meeting at SUNY Stony Brook
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DIS Structure Function Measurements |

O Essential idea

N; i . 1. Determination of kinematics
v 10°) .
S = s (e.g. electron method):
No \ | [M CDE/DO Inclusive jets 1<0.7 19/
10 = E= DO Inclusive jets 1<3 Q2 — 4El Ee Siﬂz (_e)
E 27  Fixed Target Experiments: ¢ 2
10 3 CCFR, NMC, BCDMS, / / /
E A
: E665, SLAC bin in y=1-— be cos? & I 79@ ......
- E. 2
o X and
10 “¢ 2 2
5 Q L9
i SY
10 = . .
: 2. Determination of cross-
i section and extraction of F,:
1
B Number of selected G Background
10 '1_— events 2 /
: o _(N-B)
CL |||| 1 1 ||||||| 1 1 |l||||| 1 1 l|||l|| 1 1 ||ll|l| 1 1 ||||||| 1 1 ||||||| - : -_— “ 2
-6 -5 -4 -3 2 - 2 .
10 10 10 10 10 10" 1 dxdQ L-e
X /
Luminosity Efficiency
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DIS Structure Function Measurements

O Results

F,
Three
valence

quarks

13

Three
bound
valence

quarks

Three valence
quarks and sea

quarks + gluons

EIC Collaboration Meeting at SUNY Stony Brook
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X
Momentum
fraction of
struck
quark

a 27
o 18 —E' g;%cs/l;:‘issmcm«ls Q: — 150 GeVz
L6 E—O H1 94 i Qz — 15 GeV>
140 % Q’=1.5 GeV’
1.2 ¢ {
: %
1 # ﬁ%
- %
0.6 - % # % %%%
C u]
0.4 ; b o,
0.2 - B
0 : 1 IIIIIII| 1 IIIIIIII 1 IIIIIIII | IIIIIIII | Iﬁ%ﬂl
-5 -4 -3 -2 -1
10 10 10 10 10 1
X
Discovery of asymptotic freedom in the
theory of strong interaction (Quantum
Valence Chromo Dynamics): Nobel prize in physics
quarks 2004
and QCD
sea
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DIS Collider Detectors

Dep

% £

T

detector system: Here ZEUS Detector
g Ll T T

O Central-Tracking detector:

5
PT _ 0.0059 pp @ 0.0065
pr

=> Inside superconducting solenoid of
143T

O Uranium calorimeter (barrel,
rear and forward sections):

- electromagnetic part:

OE  18%

E  VE
=~ hadronic part:

SE  35%

E  VE

O Muon detection system in barrel,

rear and forward direction
EIC Collaboration Meeting at SUNY Stony Brook
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DIS Collider Detectors

O ZEUS detector - Kinematic variable measurement

2
2 .
Low Q High Q
@ 40000 a < 80000
§ g ® ZEUS 96/97, § S .
L MC - B
S 30000 -E Diffract. ® ® 60000
- WM Photopr. i
200001 40000
10000} 20000
0==70 30 O =05 1 15 2 Oo—"05 1 15 2
EO©, (GeV) PriPre Pri/Pre
2 i 2 & & i
N C = N i Ny C
2 40000~ D X 20000\~ X 40000~
V r v V | v o
30000} 15000~ 30000},
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Summary

O Connection of DIS cross-section and Dirac / Mott / Rutherford cross-sections

O Collider kinematics: Reconstruction of kinematics through electron or hadron
method or combination of both

O Literature:
O Review on ep physics: Bernd Surrow, Eur. Phys. J. direct C1:2, 1999,

O Textbook on DIS: Robin Devenish and Amanda Cooper-Sarkar - Deep Inelastic
Scattering
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Backup - DIS Process Description

O Basic aspects of scattering theory (1)

O Scattering process:  a1(p1) + ... + an(pn) — bi(p}) + ... + 05, (p},)

O Initial state: Aim [t) = [i) = |ai(py) + .. + an(pn))
O Final state: t 1131 ity =|f) = [b1(P}) + ... + 0., (P,))

O Scattering amplitude: Sy, = (by(p)) + ... + ), (P),)|S]ar(p1) + ... + an(pn))

SIS = IS (fIS]i) = (il STS]i) = 1
f

f
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Backup - DIS Process Description |

O Basic aspects of scattering theory (2)

/ Amplitude M: Dynamics 1425344+ ... +n
nS

(28) (28) - (250)
4y/(p1 - p2)? — (mimac?)?) [\ (27)%2E3 (2m)32E, (2m)32E,,

X(27T)4.(54(p1 —|—p2—p3—p4— _p‘n) \/

Phase space: Kinematics

Delta function enforces /
conservation of energy and
momentum!

Note:
pi = (E;/c,p;)  Four-momentum of the ith particle

S Statistical factor: 1/j! for each group of j identical particles in the final state
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Backup - DIS Process Description

O Basic aspects of scattering theory (3)

O Amplitude: Electron-Mass M (Spin 1/2) Particle scattering: Dirac scattering

, 8q2
M 2 — Je <
(M) (p1 — p3)?

[(p1-p2)(p3 - pa) + (p1-pa) (P2 p3) — (p1-p3)(Mc)? — (pa - pa)(me)? + 2(mMc?)?]

Momentum transfer: q = (p1 — p:a)

O Approximation:

O Laboratory frame with the target particle of mass M at rest
O Electron with energy E scatters at an angle emerging with energy E'
O Assumption: E E' > mc? (m=0)

O Spin averaged amplitude:

(IMJ?) = (47)* oA (2M )" cos? Q — « sin’ Q
4EE'sin*(6/2) 2 2M 22 2
EIC Collaboration Meeting at SUNY Stony Brook
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Backup - DIS Process Description

0 Mott Cross-Section (1)

O Cross-section result:

Impact of target spin for very
heavy target drops out: Mott

cross section: Scattering of spin
1/2 particle on heavy spin O heavy

1M = (

2, 2
g:Mec 2 . D 29 target
)< 4 g — g9
ﬁQSin2(9/2)> <(mp) PrEos )

I . 2 Spin-averaged matrix
ol (87r]\/[(‘> (IM]?) «<—— element squared and
’ cross-section for: M >»> m
2
do ah o 5 o0 :
i 27 2 (072) (me)” + p~ cos 5 Mott cross-section
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Backup - DIS Process Description

0O Mott Cross-Section (2)

O Further simplification: m=0

d h ’ 0
— = ( - 1(9/2 ) P 6082 S =ple Q% =—¢*=—(p1 — p3)* = 4p° sin” Z

df 2p? sin

< ) I 0 Y
—— 1.0 COS™ —
Mott q-c 2

S

O Multiply by g*:

2 ( do )Wt (any? 2012

st S (9/ 2) Rutherford
|\ _J

g cross section!
Scaling behavior!
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Backup - DIS Process Description

O Rutherford scattering (1)

O Non-relativistic limit: Incident electron is non-relativistic p? < (me)?

COS™ —

d v2him?c? 7 0
o a‘h“m*c <1+ D 5 >

dQ  4ptsin®(0/2) m?c? 2 Consequence of spin 1/2
nature of incoming probe
/ particlel
This can also be written as: p=muv
cos?0 term drops out in non-
do oA relativistic limit:

A 4m2e sin*(0/2)

Or:
E' ~ mc? Rutherford cross
section!
do 402h*m2c? /
0 4 . 0
dS) q Q2 _ _qz = —(p1 — p3)2 _ 4172 sin2 .
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Backup - DIS Process Description
O Rutherford scattering (2)

402 E'?

O In natural units: do

h=c=1 — 2
ds Ruther ford q
O Note:

O The Rutherford cross section is obtained from the Mott cross section assuming we are working in the

non-relativistic limit:
= Spin effects of probe and target particle are negligible!

O The Mott cross section is obtained for the case of a target particle at rest (Heavy target): No recoil!
= Impact of spin 1/2 of probe particle taken into account - Spin effects of target particle negligible:

Result is identical to scattering of spin 1/2 on spin O target!

O Difference between Rutherford and Mott cross section: cos?(6/2) factor

do do 5 0
— = | —= - cos” —
, - dQ ) vroi A ) puiher ford 2
O Factor is a consequence of angular momentum conservation: Mott uther fora

O Helicity conservation for massless particles (3—1): Scattering by 180° requires spin flip (Impossible
for spin O target)!
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